We present the gauge invariant atomic orbital ͑GIAO͒ calculation of nuclear magnetic shieldings for solvated molecules described within the polarizable continuum model ͑PCM͒. The performance of the PCM-GIAO approach is tested in a benchmark calculation of isotropic 13 C, 15 N, and 17 O shielding constants for CH 3 CN and CH 3 NO 2 in vacuo and in water, both at the Hartree-Fock and density functional levels of theory. Various aspects of the calculation of solvent effects on these properties, such as the dependence on the basis set, the electron correlation, and the size of the molecular cavity embedding the solute, are taken into account and discussed. An interpretation of the gas-to-solution shielding variations in terms of a combined action of the solvent reaction field and the shielding polarizabilities is also given.
I. INTRODUCTION
The ab initio study of magnetic properties has seen a large improvement in the last decades, and, in parallel, the comparison with experimental data, mainly from NMR spectroscopy, has became an affordable task. This development in the formulation of computational tools to get accurate values of magnetic properties for isolated molecules has led to an immediate request for equally reliable procedures to include in the same computational schemes the environmental contribution or, more specifically the solvent effects. Recently, some attempts at investigating the solvent effects on nuclear shieldings have been given both by considering the surroundings as a continuous dielectric medium 1, 2 and by studying clusters 1, 3 ͑in the latter case, also by embedding the cluster in a dielectric medium͒. 4 Following a parallel way, very recently, 5 one of the authors of this paper has presented the formal bases for the calculation of magnetizability and nuclear magnetic shielding tensors for molecular solutes described within the framework of the polarizable continuum model ͑PCM͒. [6] [7] [8] In that work, the attention was mainly focused on the theoretical aspects of the problem and, in particular, in the formulation of a general theory to be used within the two computational procedures of greater use, i.e., the gauge invariant atomic orbital method ͑GIAO͒ 9 and the continuous set gauge transformation method ͑CSGT͒. 10 On the contrary, the numerical results have been limited to the PCM-CSGT method only.
Contemporaneously, another extension of ab initio procedures addressed to the calculation of magnetic quantities into the PCM solvation scheme has been realized, with the PCM generalization of the localized orbital/local origin ͑LORG͒ approach, to get shielding tensor components; more precisely, the latter application is part of a larger analysis on the general ͑time-dependent͒ response theory describing the interaction between a ͑time-dependent͒ external field and a PCM solute system. 11 In this paper we make a further step in the same direction, giving the first numerically detailed documentation of the GIAO implementation for the calculation of the nuclear magnetic shieldings within the framework of the PCM both at the Hartree-Fock ͑HF͒ and density functional ͑DFT͒ level of theory. Here, however, the attention will not be addressed to formal points, presented and commented on in Ref. 5 , but to the numerical analysis of the main parameters inherent in the calculation and their specific effect on the solventinduced variations of the property. In this way, we shall recover information on the two main aspects of this kind of calculation, namely the quality of the quantum-mechanical level of theory and the accuracy of the model exploited to include solvent effects.
The PCM method formulated several years ago by Pisa's group 6 to introduce solvent effects within quantum mechanical procedures represents up-to-now one of the most reliable methods among the various quantum-mechanical ͑QM͒ methods exploiting a continuum description of the solvent. The PCM formalism with its representation of the solvent field through an apparent surface charge ͑ASC͒ approach and the definition of a realistic molecular cavity embedding the solute when immersed in the dielectric, permits to take into account solvent effects in a quite accurate manner. In addition, by reducing the description of such effects to a set of one-electron operators, the PCM method can be easily applied to many levels of quantum-mechanical descriptions, so as to include various concepts and approaches provided by the quantum-mechanical theory.
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The last few years have represented a fundamental period for the development of the original PCM formulation toward the completeness characteristic of the actual version. Here it is worth mentioning the deep reformulation of the basic electrostatic theory which has led to a new method known as integral equation formalism ͑IEF͒, 12 but also the various extensions, initiated some years ago within the original PCM version and then immediately transferred to the new one, which have allowed us to pass from a method, originally limited to single-point calculations, to a new one supplemented with all the features of an accurate in vacuo procedure. In the present context we have to mention the evaluation of analytical first and second derivatives of the solute free energy with respect to various parameters, such as nuclear coordinates 13, 14 and external electromagnetic fields, 5, 15, 11 which has permitted the calculation of the related molecular response functions, among which we consider here the nuclear magnetic shielding tensor .
In the present paper we examine two aspects of shielding calculations for two small molecules, CH 3 CN and CH 3 NO 2 , in the gas phase and in water. First, exploiting a variety of basis sets we have calculated within the GIAO method at HF and DF levels of theory, both in vacuo and in water ͑CSGT parallel calculations will also be presented for completeness͒. This provides information on the sensitivity of the calculation, and mainly of the computation of solvent effects on the property, to the type of basis set used and/or to the type of QM level. Second, by selecting a single basis set, we have calculated the shielding of the same molecular solutes in water when embedded in a molecular cavity of increasing dimension. This provides information on the ''robustness'' of the solvation method and give us some hints on possible refinements for the choice of the best cavity. For both aspects we have then given an interpretation in terms of the solvent-induced field acting on the solute charge distribution, i.e., the reaction field. This, on turn, has allowed us to introduce another molecular property, i.e., the shielding polarizability, to be used as an alternative tool to get highlights on the interactions leading to the observed solvent effects.
II. THE PCM-GIAO THEORY OF THE NUCLEAR SHIELDING
PCM is a method directed to study the electronic structure and properties of molecular systems in the presence of solvent effects. In this approach the solvent is represented as a continuous and homogeneous dielectric medium while the solute, which is assumed to occupy a cavity of suitable shape inside the continuum medium, is described at the chosen quantum mechanical level. The reaction potential of the medium polarized by the solute charge distribution is described with the aid of an apparent charge distribution spread on the cavity surface. In more detail, the solute wave function is determined by a nonlinear Schrödinger equation:
where H M 0 is the Hamiltonian of the isolated molecule and V MS is the solute-solvent interaction potential operator, in which a part, V(⌿), depends on the solute wave function. 16 It is this term which introduces the nonlinearity in the Hamiltonian.
In the PCM framework the nuclear magnetic shielding tensor X of a nucleus X can be expressed as mixed second derivatives of the free energy functional G with respect to the magnetic field B and the nuclear magnetic moment X :
where B i and j X are the Cartesian components of the field and of the nuclear magnetic moment, respectively, and G is defined as:
For a solute described at the Hartree-Fock or DFT level with expansion of the molecular orbitals over a finite basis ͕ , ,...͖, the free energy functional may be written in the following form:
Gϭtr P͑hϩj͒ϩ 1 2 tr P͓G 2e ͑ P͒ϩX͑P͔͒ϩE XC ϩṼ nn , ͑4͒ where P is the usual density matrix, h is the one-electron matrix for the isolated molecule; G 2e is the two-electron repulsion matrix buildup with antisymmetrized bielectron integrals over spin orbitals which include an opportune factor for the exchange term; E XC is the exchange correlation energy expressed in terms of a general first-order exchange functional which does not include an explicit magnetic field dependent term ͑E XC is zero for Hartree-Fock͒. Matrices j and X͑P͒ of Eq. ͑4͒ represent the contributions to the potential energy related to the interaction with the polarized medium. 7 In this framework, the components of the nuclear magnetic shielding tensor X are then obtained by
where P B i is the derivative of the density matrix with respect the magnetic field. Matrices h J X and h
contain the first derivative of the standard one-electron Hamiltonian with respect to the nuclear magnetic moment and the second derivative of the same operator with respect to the magnetic field and the nuclear magnetic moment. 17, 18 No explicit solvent terms appear as solvent operators do not depend on j X . The first derivative of the density matrix P B i can be obtained as solution of the first-order coupled-perturbed PCM-HF ͑or PCM-KS͒ equation:
͑6͒
with the usual orthonormality constraint, where
If we now apply the GIAO method characterized by the use of basis functions depending on the magnetic field B, 19 the solvent-induced matrix j B i can be written as:
where the column vector v͓() B i ͔ collects derivative integrals of the electrostatic potential over the GIAO basis func-tions, computed at the points of the cavity surface where the apparent charges are located; the column vector q n collects the apparent charges produced by the solute nuclei. In the same way, matrix X B i (P) becomes
where the column vector q e collects the apparent charges produced by the solute electrons.
Equations ͑7͒ and ͑8͒ show that the solvation contributions in to the PCM-GIAO method are expressed in terms of the unperturbed apparent surface charges and of the derivatives of the electrostatic potential integrals over the GIAO basis functions.
III. NUMERICAL RESULTS AND COMMENTS
We present a selection of numerical results of nuclear magnetic shieldings obtained using PCM-GIAO and PCM-CSGT procedures as implemented in the developing version of the GAUSSIAN 98. 20 A series of double-zeta and triple-zetatype basis functions were used for the calculations, and they are listed in Table I . In the following, they will be referred to by numbers.
The molecules examined are CH 3 CN and CH 3 NO 2 ; in each case B3LYP/6-311ϩG** optimized geometries were employed and the optimization has been repeated for isolated and solvated systems using fully analytical procedures; 13 the main geometrical parameters obtained for the two molecules in vacuo and in water are shown in Table II .
In all the solvation calculations the solute molecule is placed in a cavity within the dielectric medium having the same dielectric constant of the bulk solvent. The cavity is defined by interlocking spheres centered on the solute nuclei, with radii equal f times the corresponding van der Waals radii:
The value of the scaling parameter, unless otherwise indicated, has been put equal to 1.2.
In the following our attention will be almost exclusively focused on the isotropic nuclear shielding:
and on the variations induced on it by the solvent which will be quantified by the so-called solvent effect:
where wat and vac are the values of the property computed in water and in vacuo at the corresponding equilibrium geometries. All the numerical results reported below refer to 15 N and 13 C nuclei of the CN group in CH 3 CN and of 15 N and 17 O of the NO 2 group in CH 3 NO 2 . As concerns the latter molecule it is worth noting that the two 17 O nuclei are not equivalent as the effect of the other nuclei in the molecule due to reduced symmetry of the more stable geometrical conformation is different; however, since we are more interested in the solvent effects on the property than on its absolute value, we have limited our analysis to just one of the two O nuclei, with the results being completely transferrable to the other one.
Let us now consider the two points quoted in Sec. I as the test features for our implementation, starting from the general QM aspects of the problem.
A. Basis set and quantum mechanical level of calculation
The first point to be stressed is the convergence of the GIAO and CSGT methods with respect to the basis set as it is demonstrated in Tables III-VI in which we report the absolute shieldings calculated with the two methods at both the B3LYP and HF level of theory.
Both in vacuo and in solution, the shielding constants are found to converge to the same value at sufficiently large basis sets, however, GIAO shielding constants are found to converge faster and more smoothly than those determined using the CSGT method, especially for nuclei other than carbon. The same behavior has been reported in the previously quoted paper by Cheeseman et al., 17 as concerns the isolated systems only.
A parallel comparison, but this time on solvent effects, is given in Figs. 1-4 in which we report the graphs of ⌬ ͓Eq. ͑10͔͒ for the four nuclei of interest.
Also for this relative property, the conclusion reported above for the absolute counterpart is still valid. What slightly distinguishes the two sets of data ͑relative and absolute͒, is the specific behavior of the second basis set of our list, namely 6-31ϩG(3d f ,2p). In particular, by using this basis set we observe an almost equivalence of the GIAO and the CSGT values, at both the HF and B3LYP levels, for all four nuclei; however, this result, which does not appear from the Number Description comparison of the related absolute values, seems more a fortuitous numerical convergence than a physically stated phenomenon needing a more detailed analysis. All the data on basis set convergence lead to defining the 6-311ϩG** basis as the best compromise with regard to the accuracy of the results and the computational demand, and they explain why this is the single basis set exploited in the following.
Turning now to the analysis of DFT and HF relative behaviors, we recall that the choice we have made by adopting the B3LYP hybrid functional as representative of the DFT level of theory, is due to the excellent results this functional has given for the magnetic shielding of molecules in vacuo. 17 The quality of the quantum-mechanical level of calculation on the values is known to be important, especially for molecules where electron-correlation effects are significant. Here the comparison is limited to DFT and HF levels, but in the literature other correlated procedures such as secondorder Moller-Plesset 21 and CCSD 22 have also been tested. What we can add here to the previous studies on isolated systems is the effects of the solvent inclusion.
It is well-known that the solvent effects evaluated through PCM-like methods are strongly dependent on the quality of the description of the solute electronic charge distribution, and more precisely on its facility in being modified by the presence of external fields such as that due to the solvent reaction. 23 In particular, electron correlation and reaction field are two distinct effects, which exhibit a sizable coupling. To decouple these mutual effects, some years ago our group formulated a theory based on three different levels, 24 related to increasingly complete descriptions of the phenomenon. This useful definition of distinct steps leading to the full correlation effect on solute-solvent systems, unfortunately, cannot be applied now at the DFT level of theory as the mutual effects are so intrinsically coupled to prevent any detection and separation of subsequent events.
The larger complexity characterizing the analysis of correlation for solvated systems is reflected in many different aspects; thus, for example, the significant decrease ͑ϳ6 and 20 ppm͒ in the absolute value of N in CH 3 CN and of O in CH 3 NO 2 passing from HF to DFT calculations for the isolated molecule is not reflected in a parallel behavior in solu-FIG. 1. GIAO and CSGT solvent effects, ⌬ ͑ppm͒, on the nuclear magnetic shielding of 15 N in CH 3 CN with respect to the basis set ͑see Table I for the numeration of the basis sets͒.
FIG. 2. GIAO and CSGT solvent effects, ⌬ ͑ppm͒, on the nuclear magnetic shielding of 13 O in CH 3 CN with respect to the basis set ͑see Table I for the numeration of the basis sets͒. tion where the decrease reduces to ϳ1.5 and 10 ppm, respectively; the corresponding analysis on the other nuclei, on the contrary, show a near equivalence between in vacuo and in solution results.
An accurate analysis of all these features is beyond the scope of the present paper. What we can say here is that our previous experience on other chemical properties shows that the PCM-IEF solvation method presents the same response to the quality of the quantum mechanical level of theory as calculations in vacuo. Hence, we may safely assume that the better behavior of correlated methods observed in previous systematic investigations on chemical shieldings of isolated systems still applies for solvated molecules. This is the main reason why, from this point on, only B3LYP results will be presented.
B. Cavity size effect
The importance of the cavity definition in the continuum solvation method is a well-known aspect which has led to many different studies of systematic nature. A complete discussion of this topic is beyond the scope of this paper; here we limit ourselves to quoting a review from Tomasi and Persico, 8 in which many related references are given, and we focus on just a specific aspect of this complex problem.
As already stated in Sec. I, since its original version, PCM defines the cavity as envelopes of spheres centered on atoms ͑or at most atomic groups͒; here we maintain the same assumption as the model for numerical calculations.
By adopting this assumption, the problem is then shifted to the size of the cavity, i.e., the volume and surface area: although several computations have shown that standard van der Waals radii provide reasonable cavity sizes, a number of improvements have been suggested. 25 As reported above, in the present application we go back to the original version of PCM and we define the cavity in terms of spheres centered on each atom and with radii R A , proportional to van der Waals radii:
The initially proposed factor for the evaluation of the electrostatic contribution to the solvation free energy of neutral solutes was f ϭ1.2. The occurrence of a scaling factor larger than 1 is justified by considering that atomic bond or lone pair charge centers of the solvent molecules are normally located a bit further from the solute atoms than a van der Waals radius. The value f ϭ1.2 was chosen on the basis of the energy decomposition analysis over a few sets of cluster systems. 26 From this first proposal many studies have been done on the choice of the best scaling factor, however the value 1.2, at least for neutral molecules in aqueous solution, has been always confirmed as a valid one.
Until now, however, all the main tests have focused on energy considerations, in other words the leading aspect commonly adopted is the search for the best agreement between computed and experimental solvation free energy values. This is clearly a very important feature to be fulfilled for any accurate and reliable solvation method, but other points should also be considered. In particular, it can happen that a cavity size which gives the best values of solvation free energies is not good enough when we proceed to consider other molecular properties.
In this paper we try to give an alternative analysis choosing as a test quantity the isotropic nuclear magnetic shielding . This can be seen as the development and the refinement of what was initiated a few years ago with static electric ͑hyper͒polarizabilities. 15 There the analysis was focused on the cavity-size dependence of mean ͑hyper͒polarizabilities of formaldehyde in water. Here we shall repeat the same analysis but in terms of values, and at the same time we shall try to go a step further by analyzing other more specific aspects related to such behavior.
In Tables VII and VIII we report the absolute and the solvent effect ⌬ computed at the B3LYP 6-311ϩG** level for the four nuclei of interest of CH 3 CN and CH 3 NO 2 with respect to the cavity size, here represented by the value of the scaling factor f. The range exploited is 1.1-1.35, while in the previously quoted paper on ͑hyper͒polarizabilities it was 0.95-1.35; this small discrepancy between the two Table I for the numeration of the basis sets͒.
choices is due to the fact that in the present application the reference van der Waals radii are smaller than those exploited there, namely the set obtained by Bondi from crystallographic data. 27 Here, on the contrary, the alternative set of Pauling 28 is adopted ͑the values are reported above͒, hence in order to remain in a realistic range of cavity sizes, and to avoid all the problems derived from using small cavities, 29 the lower limit of f has been shifted from 0.95 to 1.1.
For the sake of completeness, in Tables VII and VIII both GIAO and CSGT values are reported, but the analysis can be limited to the GIAO method only as equivalent conclusions derive from the parallel CSGT data. Focusing on the solvent effect, the most important result is an almost linear dependence on the cavity scaling in the whole range of variation, with the exception of the O nucleus in CH 3 NO 2 . In the latter case, in fact, the value computed with small f shows a nonlinear behavior indicating some specific effects acting on the molecule. To better analyze this point, we can consider the values of the reaction field produced by the solvent on the solute nuclei. The strengths of this field, in atomic units are reported in Table IX. Field data confirm, once again, the previous finding, showing an evident nonlinear behavior at the O position for the smaller values of f. In addition, while in CH 3 CN the field, direct along the CwN bond, is almost homogeneous on both nuclei for all f values ͑the differences between the values computed at C and N nuclei are less than 2% of the average value͒, in the NO 2 group it presents by far larger dishomogeneities. In particular, at the first two f values ͑1.1 and 1.2͒ the difference between N and O positions is of the order of 4% of the average. These aspects can be linked together to explain the nonlinear trend observed for O; both the nonlinearity and the dishomogeneity of the reaction field, in fact, indicate that the global effect of the solvent perturbation on the O nucleus, and indirectly on its surrounding electronic charge distribution, leads to a nonlinear response of its magnetic shielding function.
The results we have reported in this section on the cavity-size dependence of the nuclear shieldings of solvated molecules, and more particularly of the solvent effects, can be exploited to reconsider some important aspects of the model we have formulated. In particular, they represent an alternative tool to define reliable ranges for molecular cavity dimensions; for example, they could be included in proper fitting procedures leading to property-optimized cavities, to be used in substitution for those derived from energyparametrizations only and often not suitable for more specific calculations.
C. Semiclassical analysis
For a more accurate analysis, we may rely on techniques elaborated in our group years ago to test what we called the ''semiclassical approximation,'' i.e., a set of computational protocols aimed at reproducing and interpreting changes in geometry, electronic distribution, and properties of molecular systems subjected to an external perturbation ͑incoming reactant, external field, chemical substitution, solvent reaction field͒. This activity has been resumed in several reviews ͑e.g., Refs. 30 and 23͒ where, however, nuclear magnetic shieldings were not included in the set of properties under examination.
A semiclassical approach for examining solvent effects on the shielding can be based on the well-known analysis elaborated by Buckingham. 31 In this scheme the solvent effect on the solute shielding for nucleus may be partitioned as follows:
where E is the ''polar effect caused by the charge distribution in the neighboring solvent molecules, thereby perturbing its electronic structure and hence the nuclear screaning constants,'' w is ''due to the van der Waals forces between the solute and the solvent,'' a ''arises from anisotropy in the molecular susceptibility of the solvent molecules,'' and b is the ''contribution proportional to the bulk magnetic susceptibility of the medium.'' E is clearly the component of ⌬ to which the semiclassical analysis is mainly addressed; we agree with Buckingham's remark that internuclear hydrogen bonds may be regarded as an extreme form of E screening. Actually, w can also be the object of semiclassical analysis: van der Waals dispersion and repulsion interactions can be included in the semiclassical model so as to compute w as a separate contribution. However, even if such terms can be evaluated within the PCM framework, 32 which is our semiclassical model, we have not used them in the present study, and as a consequence we shall not enter into details on the analysis of w . The solvent susceptibility anisotropy, reflected into a , presumably has little importance in the material samples we are considering here; unpublished studies indicate that this is not the case for other solvents. To properly treat this effect, which has a parallel in other properties of molecules in solution, the PCM computational strategy has to be somewhat extended: these generalizations will be presented and documented in another paper.
The bulk susceptibility effect, b , is the form assumed in nuclear shielding measurements of an effect of general occurrence in all cases where the molecular response property due to an external field is computed in a condensed medium. The external field is modified by the response due to the medium, with an extra local modification, related to the shape of the solute molecule. We have given a solution for the analogous case of local corrections connecting molecular and macroscopic electric susceptibilities, exploiting the PCM scheme to take into account the often irregular solute shapes. 33 A similar technique may be applied here, but this effect is not strictly related to the solute-solvent interaction effects we are considering here.
This being a possible framework for our analysis, we proceed to give some elements of it starting with a modification of the Buckingham scheme reported in Eq. ͑11͒, where solute internal geometry changes due to the solvent are completely neglected.
In all the previous results, on the contrary, the geometries used for isolated and solvated systems are those optimized in vacuo and in solution, respectively. In this framework, the total solvation effect includes two distinct contributions: a direct one due to the perturbation of the solvent on the electronic wave function of the solute held at the geometry optimized in vacuo, and an indirect one due to the relaxation of this geometry under the influence of the solvent. The two contributions are easily quantified if we repeat the calculation in water with the solute kept frozen in its unperturbed geometry. In this way the direct and indirect effects can be defined as:
where wat (R v ) is the value of the nuclear shielding computed in water but with the solute in the geometry optimized in vacuo.
The results of this kind of analysis, limited to the GIAO//B3LYP 6-311ϩG** calculations only, are reported in Table X. The most interesting thing to be noted is that only for of O in CH 3 NO 2 the indirect component leads to an opposite effect with respect to the direct one; in this case, in fact, the solvent effect on is larger when the solute is held in the geometry optimized in vacuo than when the geometry has been relaxed. In all the other cases, on the contrary, the geometry relaxation due the presence of the solvent always leads to an increase of the solvent effect on the property. For all the nuclei, however, the indirect contribution is by far smaller than the direct one; its value ranges between 2% and 4% of the total effect for N and C in CH 3 CN, and between 8% and 15% for N and O in CH 3 NO 2 . This means that the leading effect due to the solvent is on the variations its reaction field induces on the solute electronic density at the nuclei position, namely a decrease for N in CH 3 CN and O in CH 3 NO 2 , and an increase for the two other nuclei. 
D. Shielding polarizability
An alternative way to analyze the various aspects related to the solvent effects on is to forget the physical origin of the reaction field, and to treat it as an external electric field. In this scheme, the previously defined direct solvent effect ͓see Eq. ͑12͔͒ on each component of the shielding tensor of the nucleus can be expanded as:
where E ␥ R () are the Cartesian components of the reaction field computed at the position of nucleus . In Eq. ͑14͒ the coefficients of the expansion are the polarizabilities of the nuclear shielding, defined as its derivative with respect to an external homogeneous electric field E. In the more general form the polarizability is a 3ϫ3ϫ3 array of elements, e.g.,
where ␣␤ () are the components of the shielding tensor for the nucleus . The use of the shielding polarizability to estimate the role of solvent effects has been already exploited ͑see, e.g., Refs. 34 and 35͒ but other applications, such as the analysis of the interaction with a distant part of the molecule, 36 have also been explored. For background on the subject, the reader is referred to some recent reviews. 37 Here the interest is focused on the use of this quantity as a further index in the analysis of the solvent effects on the property. Previously, we quoted this application of ␣␤,␥ Ј as the main complementary tool with respect to the reaction field analysis; let us see how to realize that.
Using simple finite differencing and the values for the external uniform electric field in the direction ␥, E ␥ ϭϮ0.001 a.u. ͑but a couple of smaller values, Ϯ0.0001 a.u., have given the same results͒, we can numerically determine ␣␤,␥ Ј . In order to have a fair comparison with the solvent effect, we have to consider all the ␥ along which the solvent reaction field is nonzero.
As concerns CH 3 CN the analysis is quite simple as the only nonzero ␥ is along the direction of the CN bond, here taken as the z axis, and the analysis on polarizability array can be limited to the single polarizability equivalent of Eq. ͑9͒ along such direction:
.
͑16͒
For CH 3 NO 2 on the contrary, things are more complex. In this case, we have to split the analysis into two contributions related, respectively, to the x and y derivatives of xx and yy , as both the reaction field and the NO 2 group are on xy plane.
As shown in Eq. ͑14͒, the analysis in terms of polarizabilities does not include effects due to distortion of the geometry, and in fact such equation refers to direct effects only, hence here we have limited the calculations to a single geometry for both in vacuo and in solution systems. For simplicity's sake let us take that optimized in vacuo. The GIAO//B3LYP 6-311ϩG** results of the two different calculations, in vacuo and in water ͑standard cavity size, f ϭ1.2͒ at the geometry optimized in vacuo are reported in Table XI. Once calculated the ␣␤,␥ Ј along the axes of interest ͑z for the CN group, and x,y for the NO 2 group͒, the immediate following step is to link such data to that of the reaction field components obtained in a parallel calculation in water but without external fields. The values obtained for ⌬ dir as the difference of absolute ␣␤ values or as sum over the polarizability components ͓see Eq. ͑14͔͒ are reported in Table XII. The analysis of the data of Tables XI and XII can be started by recalling some basic aspects of the problem; for clarity's sake we prefer to treat the two molecules separately. In the case of CH 3 CN, the reaction field is along the CN bond axis ͑here defined as the z axis͒, then if we neglect the external methyl group, we may think of the effect of such field on CN by remembering that it induces a dipole, which means that charge is shifted along the axis. Charge density will be increased at one end of the CN group and decreased at the other, and so it is natural to expect that polarization will lead to increased shielding at one nucleus and diminished shielding at the other as it is reproduced by the direct solvent effect reported in row ͑a͒ of Table XII. In addition if we take as a reference system a linear homonuclear diatomic molecule such as A 2 , such polarization gives rise to an equal but opposite change in for the two nuclei; that is z Ј(A-left)ϭϪ z Ј(A-right). In CN, these properties are no longer equal in size, but they are still opposite in sign ͑see Table XI͒ .
With these simple but fundamental points in mind, let us shift to the results of Table XII by referring to exact and approximate values of the direct solvent effects; the first thing to note is the discrepancies between rows ͑a͒ and ͑b͒, and, to a smaller extent, between ͑a͒ and ͑c͒. These can be related to different aspects, particularly the assumption of Eq. ͑14͒. The latter is in fact a first approximation based on a first-order only expansion ͑i.e., in terms of dipole polarizabilities only͒; a more complete expression should require at least contributions related to the value of the field gradient ͑through quadrupole polarizabilities͒ and higher orders in the dipole term.
So, for a molecule being perturbed by an electric field and gradient whose only nonzero elements remain fixed along the molecular axis z as it freely tumbles in the applied magnetic field, we should write the isotropic shielding changes for the nucleus as:
where z Ј is the dipole polarizability defined in Eq. ͑16͒, and the dipole hyperpolarizability zz Љ and the quadrupole polarizability zz Ј are:
, where E z () denotes the z component of the field and E zz () that of the field gradient, respectively, at the nucleus . The shift to the more complete expression ͑17͒ becomes even more important in our case where the acting field is not uniform and homogeneous. Actually it has been demonstrated 39 that the linear field-gradient term is substantial for carbon shielding, and a similar conclusion can be expected for nitrogen, too, but the evaluation of quadrupole polarizabilities of nuclear shieldings to confirm such findings also for CH 3 CN should imply very delicate calculations not even assuring the requested accuracy.
The parallel analysis on the NO 2 group is even more complex, first because the problem cannot be reduced to a single dimension. In Tables XI and XII we have reported the results on the xx and yy components of the shielding tensor and their derivatives with respect to the x and y components of the field. The increased complexity of the system is clearly shown by the large discrepancies in the solvent effects computed the as difference of absolute values ͓row ͑a͒ of Table XII͔, or by applying Eq. ͑14͒, rows ͑b͒ and ͑c͒. These worse agreements with respect to the previous molecule have to be predicted from data shown in Table X ͑row indicated as f ϭ1.2͒ as complications arising from a nonuniform reaction field are more effective here than for CH 3 CN. To numerically prove this point we have repeated the same calculations but this time employing a bigger cavity ͑namely by using f ϭ1.35͒. In this case, in fact, the reaction field values computed at N and O positions we have reported in Table IX , show a largely increased uniformity which should also lead to a better accord between exact and approximate ⌬ ␣␤ . As a matter of fact the differences between exact and approximate ⌬ xx of N and O reduce to 36% and 68% ͓with respect to the 44% and 108% of row ͑c͒ in Table XII͔ while those on ⌬ xx becomes 58% and 12% ͑with respect to 133% and 11%, respectively͒.
IV. EXPERIMENTAL COMPARISON AND CONCLUSIONS
A final, but maybe also the most important, aspect to be considered is the comparison with experiments; actually the present paper does not want to be a systematic analysis on the agreement between computed and experimental values, the limited number of systems considered should be an evident signal in this sense. However, the validation in terms of a good reproducibility of observed data is a fundamental point for any new theoretical approach.
In Table XIII we report some results referring to computed solvent effects in water and in cyclohexane. Here the numbers to be considered for the comparison with the experiment is the relative solvent effect ⌬⌬, i.e., the solvent effect ⌬ computed in water with respect to that computed in cyclohexane, taken as reference value ͑or zero of the measure͒.
The generally good agreement found for N in both compounds both qualitatively ͑i.e., in the sign͒ and quantitatively show that our model offers sufficient accuracy to reproduce specific solvent effects. Concerning this point, someone could observe that the use of relative values is somewhat unfair as often systematic errors are missed by displaying only relative errors. Actually, this is a reliable way of proceeding; let us see why. Our model, being limited to solutesolvent electrostatic interactions only, in principle cannot reproduce the experimental results, which on the contrary include many other different aspects ͓see Eq. ͑11͔͒. The experimental data we can try to reproduce are thus those cleared as much as possible from such additional aspects; to obtain these ''revised'' experimental values we have here exploited differences with respect to other solvated systems, for which the electrostatic term is very small, as low as the polarity of the chosen solvent, cyclohexane. In this way, in fact, we can hope that at least part of the nonelectrostatic effects, mainly those related to van der Waals interactions which can be supposed not to change too much in passing from one solvent to another, can be extracted from the experimental value so as to make the comparison with the calculation clearer. Actually things are even more complex. The present analysis, limited to a single solvent, water, partially hides a known limitation of the method; namely its difficulty in reproducing the solvent susceptibility anisotropy, reflected in the a of the Buckingham partition ͑11͒, as shown in previous calculations done within the PCM-CSGT scheme 5 for the same molecular systems in various solvents. In particular, such an effect can be included by introducing an explicit solvent shell around the molecule of interest or by exploiting data directly derived from Monte Carlo or molecular dynamics simulations; these extensions represent the subject of investigations now in progress.
The original scope of the present paper, however, was rather different from these considerations; our main interest was in fact to present, and analyze in its main aspects, a new methodology to get nuclear magnetic shieldings for solvated systems. Indirectly, this has led us to introduce some interpretative indices, like reaction fields, to enforce our analysis. At the same time, we have also tested our model within alternative frameworks, by exploiting quantities, like shielding polarizabilities, often used in more classical analyses of the same problem. This choice can be seen as a development of research initiated years ago with the previously quoted ''semiclassical approach.'' It has been repeated here, as well as in other very recent papers of our group in different fields, not without a reason. In the last several years, in fact, the PCM solvation method has been subjected to so many transformations and developments to require, from our part, more interpretative efforts than in the past. In fact, the amplified predictive potentialities of the actual PCM version, only when supported by a parallel enforcement of valid interpretative tools, can lead to a really complete description of the physical phenomenon under scrutiny.
